We conducted a surveillance epidemiology and end results (SEER)-based analysis to describe the incidence and characteristics of second primary acute lymphoblastic leukemia (sALL) among adults (≥18 years) with a history of primary malignancies (1M). Standardized incidence ratios (SIRs) of sALL cases were calculated by site and 1M stage. We also evaluated the differences in 5-year sALL survival by age, site, and extent of 1M, latency of sALL after 1M, and evidence of underlying racial/ethnic disparity. We identified 10,956 patients with de-novo/primary acute lymphoblastic leukemia (1ALL) and 772 with sALL. Women (49.1% vs. 42.9%), white patients (72.0% vs. 59.5%), older patients (58.8% vs. 25.2%; age ≥65 years), and patients diagnosed between 2003 and 2012 (66.8% vs. 53.9%) had a higher proportion of sALL compared with 1ALL. There was a significantly inferior median 5-year survival for sALL patients compared to 1ALL (6 vs. 15 months; HR 1.20, 95% CI 1.10-1.31, P < 0.001). The median latency period was 60.0 months; the most common 1M among sALL patients were breast (17.9%) and prostate (17.4%). Patients with any 1M were at increased risk of developing sALL (SIR 1.76, 95% CI 1.58-1.95, P < 0.001). Hematological-1M sites had significantly higher SIRs (hematological-SIR 7.35; solid-SIR 1.33; P < 0.001). We observed a significant increase in sALL incidence after a 1M and a significantly worse 5-year survival with different demographic characteristics from 1ALL. There is a need to define appropriate screening methods for patients surviving their primary cancer.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common form of childhood leukemia worldwide and in the United States; 40% of all the newly diagnosed ALL cases occur in adults older than 20 years of age [1] . Approximately 6250 new cases of ALL were diagnosed in 2015, and of which, approximately one-quarter were older than 45 years of age, whereas patients older than 65 years comprised more than 10% of new cases (http://seer.cancer.gov/statfacts/html/alyl.html) [1] .
Compared to the general population, cancer survivors have a 14% increased risk of developing another malignancy [2] . With major advancements in the treatment of various hematological and solid organ malignancies, there has been an increase in patient overall survival. This resultant and encouraging increase in life expectancy has also fueled a renewed concern about long-term comorbidities, including the risk of secondary malignancies [3] .
Second primary ALL (sALL) in adults that arises after a previous diagnosis of a primary malignancy is a rare and an underrecognized entity. It is thought to represent
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Second primary acute lymphoblastic leukemia in adults: a SEER analysis of incidence and outcomes 2-10% of all cases of diagnosed ALL, according to previous small-population and single-institutional studies [4] [5] [6] [7] [8] [9] . Prior exposure to chemotherapy or radiotherapy has been postulated as a possible independent risk factor for the development of sALL with the occurrence of adverse cytogenetic abnormalities, and therefore there is possible association with poor prognosis, though conflicting reports exists [5, [10] [11] [12] . Immunodeficiency in the form of either malignancy, antineoplastic treatment, auto-immune disorders, and immunomodulation (e.g., in patients treated with lenalidomide) have also been described as risk factors for the development of lymphoblastic leukemia/lymphoma [5, 6, 10, [12] [13] [14] .
Therapy-related acute myeloid leukemia is now recognized as a defined clinical disease entity in the World Health Organization (WHO) classification of myeloid neoplasms and acute leukemia; however, no consensus or WHO classification exists for sALL [15] .
Observations in our own clinical practice, wherein previously treated malignancies (mostly localized breast cancer) in newly diagnosed ALL and the paucity of substantial data on the incidence of sALL and outcomes of sALL patients compelled us to conduct this comprehensive surveillance epidemiology and end results (SEER)-based analysis. We specifically evaluated differences in sALL incidence and survival on the basis of age, sex, year of diagnosis, and SEER registry site, and the extent (local/ regional vs. advanced stage) of primary malignancy (1M). We also looked for evidence of any underlying racial/ ethnic disparities. Finally we explored whether an earlier versus late occurrence of sALL had any impact on overall survival.
Methods
Patients/study population ICD-O3 diagnosis codes 9811, 9812, 9814-9818, 9826, 9827, and 9835-9837 were used to identify adult patients (≥ 18 years) with ALL using the case listing tool in SEER*Stat version 8.2.1. Eighteen SEER registries from the years 1973 to 2012 were used. In total, 11,728 patients with ALL were identified and were classified as having primary ALL or sALL using the primary malignancy indicator variable in SEER*Stat. Every tumor in SEER is considered a new primary based on SEER multiple primary rules [16] . Latency was defined as the interval time between 1M and sALL. We excluded sALL cases identified by biopsy or death certificate only and cases with a diagnosis of In situ 1M. Patients with 1M diagnosis within 2 months prior to sALL diagnosis were also excluded to confirm a metachronous and not a synchronous diagnosis of 1M and sALL [17] . Due to the similarities with ALL, patients with 1M acute lymphocytic leukemia or other acute leukemia were classified as de novo (3 patients) for the survival analyses and excluded from the multiple primary standardized incidence ratios (SIRs) analyses. Demographic information on race/ethnicity (using the SEER*Stat variables Race_recode_W_B_AI_API and OriginrecodeNHIAHispanicNonHis), sex, age, month, and year of diagnosis, vital status, and duration of follow-up were collected for all patients. The SEER historic A variable was used for staging information of the 1M. Hematological malignancies were defined as distant. 1M sites were classified as solid (colorectal, lung, melanoma of the skin, breast, corpus and uterus, ovary, prostate, bladder kidney, brain, or thyroid) or hematological (lymphoma, myeloma, or other leukemia). Other types of leukemia included chronic lymphocytic leukemia, other nonacute lymphocytic leukemia, acute myeloid leukemia, acute monocytic leukemia, chronic myeloid leukemia, other myeloid/monocytic leukemia, acute lymphocytic leukemia, acute undifferentiated leukemia, acute phenotypic leukemia, mixed phenotype acute leukemia, and acute panmyelosis with myelofibrosis. Lymphoma included Hodgkin -nodal, Hodgkin -extra nodal, NHL -nodal, and NHL -extra nodal. This project was exempt from institutional review board review.
Statistical analysis
Pearson χ 2 tests were used to compare the order of ALL diagnoses across levels of the summarized variables. For those with sALL, the latency period was summarized by primary malignancy site using medians and ranges. Duration of follow-up (in months) was defined as the time from ALL diagnosis to death, censor, or loss to follow-up.
Five-year survival was used as the primary endpoint; observations with five or more years of follow-up were censored at 5 years. Those with unknown survival time were not included in the analysis (5 sALL and 82 1ALL). Kaplan-Meier curves were used to examine the risk of death by order of ALL. A log-rank test was used to formally compare the differences. Associations between sALL and survival were performed using Cox proportional hazards regression. The following covariates were examined: 1M versus sALL, year, race, sex, and SEER registry. Each covariate was fit univariately in separate Cox regression models. One overall multivariate cox model including all covariates was used to assess independent effects. Each model was stratified by age of diagnosis. The effect of latency time was assessed in a separate set of Cox models.
Multiple primary SIRs and corresponding 95% confidence intervals were used to examine the incidence of Second Primary ALL in Adults A. Swaika et al. sALL by primary malignancy site and stage. SIRs are calculated by dividing the number of observed cases of sALL by the number of population-based expected counts. The number of expected were calculated by apportioning each observation's follow-up into age and calendar period categories. Sex, race, and SEER registry site-specific incidence rates were also used to account for the differences associated with these variables. An SIR > 1.0 can be interpreted as having more observed than expected events. The absolute excess risk was calculated as the difference between the number of observed and the number predicted per 100,000 person-years of follow-up. The absolute excess risk > 0.0 can be interpreted as the number of additional observed versus expected cases of ALL per 100,000 personyears of follow-up. The number of observations, predicted events, and observed events for the SIRs were obtained using SEER*Stat [17] . The SIRs were then calculated using Poisson regression analysis, with the log transformed expected event rate modeled as the offset term. SIRs were calculated by site and stage of 1M. Tests of heterogeneity were performed to detect differences between solid and hematological sites. The staging variables were inconsistent on the earlier years of the SEER registries. Consequently, only 13 registries from the more recent years of 1992-2012 were used for the SIRs analyses.
The survival and multiple primary SIR analyses were repeated with the 1M leukemia patients (including acute lymphocytic leukemia, acute undifferentiated leukemia, acute phenotypic leukemia, mixed phenotype acute leukemia, and acute panmyelosis with myelofibrosis) excluded in sensitivity analyses. P < 0.05 was considered significant. All analyses were performed using SAS software version 9.3 (SAS Institute, Inc., Cary, NC, USA).
Results
A total of 10,956 adult patients with 1ALL and 772 with sALL were identified. The median latency period between 1M and sALL diagnosis was 60 months ( Table 2 , range: 2-423 months). Patients with a previous history of lymphoma and/or previous primary leukemia and lung malignancies had the shortest latency period, whereas patients with previous ovarian (92 months) or thyroid cancer (86 months) had the longest interval, possibly reflecting the natural history of the underlying 1M.
The median follow-up for all 11,641 patients with complete follow-up was 11 months. A total of 7906 deaths were observed within 5 years. sALL patients had significantly inferior median survival compared to 1ALL (6 months vs. 15 months; P-value = 0.004) (Fig. 1) . sALL was significantly associated with inferior 5-year survival after adjustment for year of diagnosis, race, sex, site, and stratifying (Table 3 ; HR 1.20 95% CI 1.10-1.30; overall P < 0.001). The same association was observed when all 1M Leukemias were removed (HR = 1.20, 95% CI 1.10-1.31, P < 0.001) (data not shown). Latency period had no impact on survival outcomes (Table 4) .
Any prior cancer history increased the risk of developing ALL (Table 5 , SIR 1.76, 95% CI 1.58-1.95, P < 0.001).
This comparison remained significant when 1M Leukemias were removed (SIR 1.51, 95% CI 1.35-1.70) (data not shown). Significantly higher SIRs were observed for breast (1.87), other non-ALL subtypes of leukemia (14.72), myeloma (6.58), lymphoma (4.45), thyroid (3.85), lung (1.93), brain (5.59), and ovarian (2.65), suggesting that these types of 1M are more likely to be predisposed to Second Primary ALL in Adults A. Swaika et al. ALL, acute lymphoblastic leukemia; sALL, second primary acute lymphoblastic leukemia. 1 Age of diagnosis was included as a stratification term in both univariate and multivariate models. 2 Primary malignancy site was included as an adjustment term in multivariate analyses, data not shown. 3 Overall Type-3 Wald P-value. Although the confidence intervals for some HRs may contain 1, the P-value tests to see if all levels of the covariate are equal to the referent group, or if one or more levels are significantly different.
A. Swaika et al. Second Primary ALL in Adults development of sALL. There were no significant differences in prostate, colorectal, kidney, corpus and uterus, bladder, or melanoma of the skin. The absolute excess risks for sALL from all sites was 1.01 (0.78-1.27; P < 0.001) additional cases per 100,000 person-year follow-up.
Patients with distant extent had higher risk of sALL than other extents ( Table 6 ). The SIRs for localized (1.31), regional (1.48), and distant (5.44) patients were significantly different (P < 0.001). There was no evidence for significant differences by disease extent for any of the most common 1M including breast, prostate, colorectal, or lung (Table 6 ). Hematological tumors had significantly higher SIRs than solid tumor 1M (hematological: 7.35, 95% CI 6.05-8.92; solid-SIR 1.33, 95% CI 1.17-1.51; P < 0.001; data not shown). When subset to solid 1M, there was no difference by extent (localized/regional SIR 1.24, distant SIR 1.88, P = 0.157). In distant (advanced stage) patients, Hematological 1M sites had higher sALL risk than solid tumors (hematological SIR 7.35, 95% CI 6.05-8.92; solids SIR 1.88, 95% CI 1.11-3.17; P < 0.001).
Discussion
We demonstrate that patients with any previous malignancy had an increased incidence of sALL cases (SIR 1.76), which establishes sALL as a distinct entity. As demonstrated, sALL has distinct characteristics compared to de novo ALL. It should be identified by clinicians as a separate diagnosis that should be actively screened, especially as a part of cancer survivorship. Specifically, patients with a previous primary diagnosis of breast, other leukemia, lymphoma, thyroid, myeloma, brain, and ovarian cancers had a significantly higher incidence of developing sALL, as evidenced by higher SIRs for these 1M diagnoses. From all sites of 1M, there was ~ 1 (absolute excess risk 1.01, 95% CI 0.78-1.27) additional sALL case for every 100,000 person-years of follow-up. The 1M sites with the highest absolute excess risk per were other leukemia (18.64), myeloma (7.57), and brain (5.87). Interestingly, we observed that patients with a previous primary hematological malignancy had a higher risk for sALL as compared to solid organ neoplasms.
We also established that sALL was associated with a significantly lower median survival as compared to de novo ALL (6-15 months). Importantly, these survival differences remained significant after adjustment for year of diagnosis, race, gender, and SEER registry site. Contrary to our initial supposition, we did not find any evidence for association between latency period of sALL diagnosis and survival, with the observed median latency period being 60 months. In this study, sALL comprised 6.6% of cases, which was similar to other published data [7, 8] . Pagano et al. [4] reported an incidence of 2.3% from 901 cases during the years 1992-1996, whereas Ganzel et al. observed a sALL incidence rate of 9.4% from a single U.S. institution [11] . Most of the previously published studies are on small archives or single institution patient population. We do note a recent follow-up publication from SEER initiated after our study was first reported in abstract form in 2014, and based on a subset of patients who were also included in this larger and more comprehensive longterm analysis. Importantly that analysis also confirms the results of this larger and unselected cohort that we report, showing a similar incidence and adverse impact on survival [9, 18] .
Our results demonstrate significant heterogeneity in risk of sALL by age, sex, race, and histology of 1M diagnosis. We observed a higher percentage of women with sALL then women with 1ALL, which was in contrast to earlier reports demonstrating a male preponderance for sALL except for the analysis by Giri et al. [4, 8, 9] . The variability in proportion of sALL based on race was notable. Whites had a higher percentage of sALL than 1ALL, whereas Hispanics had a lower percentage of sALL sALL, second primary acute lymphoblastic leukemia; SIR, standardized incidence ratio. 1 SIRs compares the number of observed to expected sALL cases on the basis of SEER incidence data. All analyses account for the effects of age, sex, race, SEER registry site, and calendar period. 2 Test of heterogeneity across levels of stage. Only performed if 2 or more stages had an observed event. 3 Only defined for prostate cancer. 4 Primary malignancies of acute lymphocytic leukemia and other acute leukemia were excluded. 5 Other types of leukemia included chronic lymphocytic leukemia, other non-acute lymphocytic leukemia, acute myeloid leukemia, acute monocytic leukemia, chronic myeloid leukemia, and other myeloid/monocytic leukemia. 6 Any cancer type with fewer than 3 total events were classified as other. 7 All cases of Lymphoma were set to stage = distant. 8 Lymphoma included Hodgkin -nodal, Hodgkin -extra nodal, NHL -nodal, and NHL -extra nodal. A. Swaika et al. Second Primary ALL in Adults than 1ALL. While the definition of race has varied over time SEER, post hoc sensitivity analyses subset to ALL diagnosed after 1993, when race was more consistently defined, revealed the same results (Table S1 ). This difference could be due to a multitude of causes, including but not limited to interactions between geneticenvironmental factors, regular follow-up/surveillance, level of awareness, or even access to healthcare post treatment of 1M. Socioeconomic status and access to healthcare has been ascertained as one of the primary reasons for different outcomes in cancer care including survival [19] . Geocoding (i.e., use of address/postal code at diagnosis) could be used as a surrogate for socioeconomic status in future studies, but unfortunately this information was not included in the SEER database and was not used in this analysis.
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It was not surprising that breast (17.9%) and prostate (17.4%) 1M had the most cases of sALL, as these are the most common cancers in men and women, respectively [20, 21] . Relatively few cases of sALL were observed following lung cancer, the second most common malignancy in both men and women [22] . Given the poor prognosis of lung cancer however, this was not surprising. The highest risk of developing sALL was when the primary malignancy was hematological in nature. This could potentially highlight the similarity in disease biology in terms of leukemic plasticity or similar cytogenetic abnormalities. Concerns on treatment modalities have previously showed a concordance with increased risks of secondary malignancies, including non-Hodgkin lymphomas / multiple myeloma, and could significantly contribute to the observed higher incidence of sALL [14] .
A major strength of our current analysis was the study sample coming from a large population-based registry over many years with extended durations of follow-up. To our knowledge, this is the largest and most current populationbased study to evaluate the incidence of sALL in adult patients. Other strengths inherent to the SEER database include standardized confirmed diagnostic criteria and broad long-term representation of the U.S. population.
There are some limitations to using SEER data that should be acknowledged. Cytogenetics and genetic details are not captured in SEER data. Consequently, we were unable to describe the possible differences in disease phenotypes, including presence of specific sALL cytogenetic or genetic lesions. Prior reports on secondary acute myeloid leukemia have observed differences, and there are likely the same differences in sALL. Additionally, the SEER database does not have detailed information regarding long-term treatment and treatment responses prior to therapy of the primary or secondary malignancy. We were unable to determine whether the higher incidence of sALL represented an effect of treatment for 1M, an immunosuppressive effect of prior therapy, or an inherent increased predisposition to developing secondary malignancies. Furthermore, the definition of race varied over time in SEER databases before 1992 and after 1992, with the races/ethnicity Hispanic and Asian having lower capture rates in the earlier years than the later years. However, results from post hoc sensitivity analyses subset to the years 1993 to 2012 (Tables S1-S2 and Fig. S1 ) were consistent with the primary analysis, so any impact the inconsistencies had on the primary analysis were minimal.
Future, coordinated, prospective studies are needed to help determine whether those with sALL are at higher risk of developing adverse cytogenetic lesions, or whether they may benefit from alternative treatment strategies, including allogenic transplantation. The proposed study would provide more detailed insights into the clinical and genetic risk factors for developing sALL, which may help in future screening and prevention strategies for this uncommon and adverse disease entity.
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